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ABSTRACT
The low energy beta emission resulting from the tritium decay is a concern from the health and gov-
ernmental entities in order to keep the As Low As Reasonably Achievable (ALARA) principle. Sev-
eral legislation and regulation directives have been published defining the maximum concentration in
water for human consumption, for example, 100Bq/L by European directive 2013/51/Euratom and
740Bq/L by the U.S. Environmental Protection Agency.
The challenge of the tritium decay detection is due to its weak emission requiring high sensitive de-
vices or the most used technique, laboratory analysis using Liquid Scintillation Counting, which can
take up to 4 days to achieve the low level sensitivity required by the legislation. In this work we present
the simulation studies and ideas for an in-water Tritium real-timemonitor based on optical scintillation
fibbers. Conservative calculations allows to preview a 100 Bq/L sensitivity with 40Bq/L of activity
resolution by using a modular detector composed by 5 detection "cells" containing around 350 fibers
each but passive/active shielding against natural/cosmic background as also a water purifying system
is mandatory to reach such sensitivity.
1. Introduction
Tritium, a hydrogen isotope, is produced by neutron cap-
ture in nuclear power plants mainly in the water coolant and
moderator, in quantities depending on the reactor type, ie.,
Light-water-moderated reactors (LWR), Pressurized water
reactors (PWR), Pressurized HeavyWater Reactor (PHWR),
etc. The tritium produced in the coolant is partially or to-
tally released in the air or in the water and in the latter case
the dominant form is through tritiated water (HTO or T2O)[1]. Despite the low energy beta emission from tritium decay
(average emission energy is 5.7 keV and maximum 18 keV,
see Figure 2) which cannot penetrate the skin, several state
regulations have been released in order to regulate the max-
imum quantity of tritium in drinking water as for example,
the U.S. Environmental Protection Agency (EPA) that sets
a maximum of 740Bq/L [2] or the E.U. Council Directive
2013/51/Euratomwhich establishes the limit to 100Bq/L [3].
For such low required limits the mostly used technique is the
Liquid Scintillation Counting (LSC) which produces toxic
waste and requires sample collection, preparation and anal-
ysis which takes about 2 days. Real-time monitors based
on solid scintillators have been proposed in several works,
e.g. [4–6] obtaining detection limits in the order of dozens of
kBq/L which is 2 orders of magnitude higher than the limit
required by the E.U. directive. In 1998 J.W. Berthold and
L.A. Jeffers [7] proposed the use of scintillating fibers with
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Figure 1: The TRITIUM-1 prototype setup studied and devel-
oped in this work
2% of fluor doped fiber clad. Unfortunately the authors con-
cluded that their system was unable to comply with the U.S.
EPA required sensitivity, finding in addition several issues
related to the stability of fluor-doped clad immersed in wa-
ter.
In this work the simulation studies of a real-time tritium
monitor based on uncladed scintillation fibers is presented.
This monitor is being developed by the INTERREGSUDOE
TRITIUM Project [8, 9] aiming to achieve the 100Bq/L sen-
sitivity required by the E.U. directive.
2. The setup
In order tomeasure the tritium activity in water, the setup
presented in Figure 1 was conceived. The central part, from
now on denominated as "cell", is a teflon (PTFE) tube con-
taining scintillating fibers (Saint-Gobain Crystals BCF-10)
immersed in water. The teflon material was chosen in order
to maximize the optical photon reflection on the inner sur-
face of the tube. Also, its mechanical properties allows to
seal it against acrylic (PMMA) disks (the windows for light
transmission to photosensors) by just applying pressure on
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the external walls of the tube using Hercules clamps. The
cell also contains water inlet and outlet in order to keep a
constant water flux. Inside the cell, 2mm diameter round
fibers, specially ordered uncladed, are placed. According
to the manufacturer, the clad has a thickness of 3% of the
nominal fiber diameter [10]. The use of a fiber clad would
prevent its use for this application as the beta emission from
tritium are not energetic enough to reach the fiber core and
in the eventual cases that this occurs, the energy of the par-
ticle would be strongly decreased in the clad. Indeed, as the
refraction index of water is lower than that of PMMA, hav-
ing the fiber core surrounded by water increases the fiber
numeric aperture (휃퐶 ≈ 56 ◦) and thus increase the numberof photons guided in the fiber due to total internal reflection.
Although in this setup we are not interested in reading-out
just single fibers but rather to maximize the number of de-
tected photons, wemust include the photons travelling in wa-
ter that are not guided in the fibers.
The 2mm diameter fibers were also been chosen in order to
maximize the detection area in contact with water. Obvi-
ously lower diameters could be used allowing for a higher
packing density but the water flux between fibers could be
limited and thus requiring the use of fiber spacers that should
increase the complexity of the detector construction.
In order to read out the fiber scintillation light, Hamamatsu
R2154-02 PMTs were used. At present an analogous sys-
tem using SiPMs is being studied.. PMTs offer advantage
over SiPMs in price (for the same sensitive area), lower
dark-counts, low number of electronic channels and the sim-
plicity of the needed electronics. On the other side, SiPMs
present higher quantum efficiency for the scintillation wave-
length (≈ 430 nm). In order to discard false-events due to
the PMTs photocathode self-emission, the prototype uses 2
PMTs placed at each end of the cell in coincidence mode.
The PMTs are optically coupled to the PMMA windows
through Saint-Gobain Crystals BC630 optical grease.
3. Simulation details
3.1. Physics list and materials properties
For the calculations presented here, the GEANT4
toolkit [11] was used. In order to comply with the low
energy calculations requirement the Livermore physics list
(G4EmLivermorePhysics) was used, which includes electro-
magnetic processes as Bremsstrahlung, Coulomb scattering,
atomic de-excitation (fluorescence) and other related effects.
In these calculations, the properties of Saint-Gobain BCF-10
fibers stated by the manufacturer were employed, a scintilla-
tion yield of 8000 photons/MeV for Minimum Ionizing Par-
ticles (MIPs) was assumed [10]. This value is however one
of the main concerns in these calculations as the energy re-
gion of interest is orders of magnitude lower than that of
MIPSs. Without other low energy data, we assumed a pro-
portionality between energy and the number of produced
photons. In order to overcome this lack of information we
are planning a measurement of the number of produced pho-
tons using low energy electrons. The fiber material proper-
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Figure 2: Tritium beta energy distribution (blue) generated
with GEANT4 by sampling the distribution obtained from [16]
and the corresponding energy distribution (red) of the electrons
that deposit energy in the fiber.
ties (polystyrene) was taken from GEANT4 NIST database
(G4_POLYSTYRENE). The fiber emission spectrumwas taken
from the manufacturer data [10] while the polystyrene light
attenuation values were collected from Ref.[12]. The wa-
ter optical properties were taken from Ref.[13] with excep-
tion from the absorption length collected fromRef.[14]. The
PMMA (optical windows), teflon and borosilicate glass (PMT
windows) optical data were collected fromRef.[12] and a re-
fraction index of 1.46 was employed for the silicon optical
grease. The photon detectors (PMTs) selected for their QE
and availability in the market were the Hamamatsu R2154-
02. The typical quantum efficiency curve was collected from
the manufacturer datasheet [15].
3.2. Source simulation
In this section an ad-hoc study on the tritium decay and
the interaction with a single fiber is carried out. The beta
source was considered as a water tube with internal diame-
ter equal to the fiber diameter and awall thickness of 0.5mm.
The source position was sampled uniformly in the water vol-
ume by using the GeneralParticleSource (GPS) class. The
tritium beta emission energy was sampled from Ref. [16].
The results are presented in Figures 2-3. Figure 2 presents
the normalized distributions for the sampled tritium beta de-
cay distribution (blue histogram) obtained from the energy
distribution given in Ref. [16] (red line). The red histogram
represents the initial energy of the electrons released in the
water that are able to reach the fiber and deposit energy in
it. From the figure it can be observed that there is a shift on
the peak position which indicates that the majority of low
energy electrons do not reach the fiber, being thermalised in
Page 2 of 7
0 0.1 0.2 0.3 0.4 0.5
Distance to fiber surface (mm)
1
10
210
310
410
510C
ou
nt
s
0 1 2 3 4 5
3−10×1
10
210
310
410
99.4% of events
Figure 3: Histogram of the distances between the emission
position and fiber surface for detected electrons. The box is a
detail (re-binned) of the data below 5휇m
the water. The peak is now centred at 10 keV with a broad
distribution from 1 keV to the maximum energy emission
(푄 =18 keV). It should be noticed that the distributions are
normalized to their maximum for better visualization. Fig-
ure 3 presents the histogram of the distance between the 훽
emission position and the fiber surface for the events that de-
posit energy in the fiber. A narrow peak for small distances is
observed displayed between 0 and 5휇m being in the up-left
inset. From the number of entries in the histograms we cal-
culate that the region until 5휇m contains 99.4% of the total
events, which indicates that the majority of electrons that de-
posit energy in the fibers are generated at a distance shorter
than 5휇m from the fiber surface. This result allowed us, in
order to reduce computing time, to limit the source thick-
ness (water volume around the fiber) to the 5휇mwater layer
which corresponds to an interaction efficiency (number of
events that deposits energy in the fiber normalized to the to-
tal number of events generated in the source volume) of 5%.
These results are in agreement with the values presented in
Refs. [6, 7] showing that the detector efficiency depends on
the sensitive surface in contact with water, which in this case
corresponds to the number and length of the fibers.
3.3. Optical properties - The quest of Birks’
coefficient
Besides thementioned uncertainty in the scintillation yield
in section 3.1, another parameter that determines the light
output is the Birks’ coefficient for the fibers defined in an
empirical formula fitting the expected light yield per unity of
path length ( 푑퐿푑푥 ) to the experimental data which are smaller
due to quenching [17]:
푑퐿
푑푥
= 푆
푑퐸
푑푥
1 + 푘퐵
푑퐸
푑푥
(1)
where, 푆 is the scintillation efficiency, 푘퐵 is Birks’ coeffi-
cient (material dependent) and 푑퐸푑푥 is the energy loss of theparticle per unity of path length.
We assume again that the Birks’ coefficient for MIPs
(푘퐵 = 0.126mm/MeV) is valid. This assumption could faildue to a non linear relation between energy deposition and
light yield [18] and to the low energy of tritium electrons
compared to MIPs. To investigate the importance of Birks’
coefficient, the simulated light yield taking for 푘퐵 eithera null value or the MIPs value was calculated and the re-
sults presented in Figure 4. For the case in which Birks’
coefficient was considered as zero (red distribution) a peak
of 40 photons produced per beta particle interacting in the
fiber is found with a wide distribution ranging from 1 to
140 photons. The maximum number of photons value is in
agreement with the extrapolated value of the fiber light yield
(8000 photons/MeV) for the maximum beta emission energy
from tritium (18 keV). When the Birk’s coefficient is consid-
ered, the expected light reduction is observed: the maximum
of the distribution of produced photons peaks at about 10
with a maximum number near 110 photons.
In order to evaluate the effect of the Birks’ coefficient
in the event detection efficiency (an event is considered as
detected when both PMTs produce a signal) we define the
optical detection efficiency by normalizing the number of
detected events to the number of the events which deposite
energy in the fiber. When Birks’ coefficient was not consid-
ered we obtained an optical detection efficiency of 87% being
reduced to 67% when Birks’ coefficient was included.
4. Full detector simulation
After tuning the photon production and beta interaction
processes, the full detector was simulated. A 20 cm long de-
tector closed by two PMMA windows (1 cm thick in order
to seal the water by radially pressing the teflon tube). The
PMTs were optically coupled to the PMMA windows by a
0.5mm thick layer of optical silicon grease. 341 fibers of
2mm diameter covered by a 5휇m layer of tritiated water
were distributed inside a teflon tube of 43mm of internal
diameter of 43 mm fitting the 2" PMTs. All the parame-
ters were considered, e.g., the fiber and water photon ab-
sorption, teflon reflectivity and optical surfaces phenomena
(reflections and refractions) and PMTs quantum efficiency.
An example of an event is show in Figure 5 (obtained from
GEANT4). In the figure PMTs are displayed in black at the
extremities of the teflon tube (grey). The green lines are the
photons paths that, when terminated with a red dot in the
PMTs mean a detected photon. The fiber where the beta in-
teraction has occurred is clearly distinguished from the oth-
ers by the high density of photons paths due to the fiber to-
tal internal reflection. The other photon paths are created
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Figure 4: Distribution of scintillation photons produced by the
tritium decays in water when interacting with the fiber. Blue:
Birks’ coefficient considered as 0.126*mm/MeV. Red:Birks’
coefficient considered as 0*mm/MeV.
Figure 5: Example of detected events where the red dots are
the photons detection positions (in PMTs - black) or optical
photon absorption (in the fiber and water regions). Green lines
are the optical photons paths
by photons not trapped in the fibber critical angle travel-
ling in water and being reflected in the teflon tube internal
wall. Red dots along the fiber and in the water represents
the photon absorption position by the materials. By con-
sidering the single-photon detection capability of the PMTs,
a detection coincidence is counted when both PMTs have
at least one single photon detected. The results for 18 cm
length fibers are shown in Figure 6 where the distribution
of the number of produced photons per event is shown in
blue color (as in Figure 4), while in red color are the data for
events detected in coincidence. The results reveal that the
coincidence detection is peaked for events which produce
25 photons. The fast decreases on the left side of the peak
is due to the PMTs quantum efficiency (≈25%) and optical
losses (absorption). On the right side of the peak the distri-
bution match the blue histogram meaning that in this region,
all the produced events are detected.
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Figure 6: Histograms of the number of produced photons and
the number of produced photons when the event is considered
as detected
4.1. The fiber length
From the results presented in Figure Ref.3 and also stated
in [7] the detector efficiency depends on the sensitive surface
area in contact with the water. Two approaches to increase
the surface area are foreseen: Longer fibers (1m) or a modu-
lar system composed by multiple cells. The advantage of the
first approach, 1m long cells is the decrease of the detector
price (using just one cell and two PMTs) while the second
approach, for the same surface area, the system requires 5
cells and 10 PMTs. On the other side, the advantages of a
modular system composed by smaller detectors is the scala-
bility depending on the required sensitivity and a lower pho-
ton absorption by the fibers and consequently a higher detec-
tion efficiency. In order to study the differences in efficiency
between a single cell and a modular system of shorter cells,
two sets of data were produced: one for a 1m long detector
and other set for 5 cells of 20 cm length. Two tritium activi-
ties were considered: 1 kBq/L and 5 kBq/L for one week of
simulated data taking. The results are presented in Figure 7
where blue and red lines correspond to the simulated activi-
ties of 1 kBq/L and 5 kBq/L respectively. Solid lines are the
data for the 5 cells (20 cm long) while dashed lines are the
data for the 1m long detector. An integration time of 60min
was considered. The results present an increase of the detec-
tion efficiency (around 25% relatively) when shorter fibers
are used, the difference being due to the fiber self-absorption.
It is clear the advantage of a modular system not only due to
the increase of the detection efficiency compared to longer
fibers but also for the capability of increasing the number of
modules in order to fit the required sensitivity.
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Figure 7: Comparison of the number of coincidences per hour
for a 1m long detector and 5 detectors of 20 cm length.
4.2. Studies on the integration (counting) time
In order to study the effect of the integration time in the
system sensitivity two different analysis were carried out.
Data obtained for the 5 detectors setup and several source
activities ranging from 100Bq/L to 10 kBq/L corresponding
to a week of simulated data taking. In order to get close
"real-time" measurement an integration time of 1min was
used. The results are presented in Figure 8 and show the
impossibility to distinguish close activity values due to the
broad distributions which overlap to activities spaced less
than ±1 kBq/L. The broad distributions are due to the large
fluctuations from the combination of the 훽 emission energy
spectra (Figure 2), the randomness on decay position rel-
ative to the fiber surface (Figure 3)and the system detec-
tion efficiency (Figure 6). In order to decrease the statisti-
cal fluctuations the data was analysed by using 60min in-
tegration time (what may be denominated as a "quasi-real"
time monitoring) and the results are presented in Figure 9.
It can be observed that the fluctuations are significantly re-
duced by increasing the integration time. In this case, for
the 5 "cells" setup all simulated activities can be clearly dis-
tinguished even for activities as low as 100 and 500Bq/L.
From the data in Figures 8 and 9 it is possible to extract the
resolution (eq. 2) of the "measured" activities by fitting a
Gaussian function to each data set defined as:
푅푒푠표푙푢푡푖표푛 = 퐹푊퐻푀
푐푒푛푡푟표푖푑
× 100 (%) (2)
Figure 10 presents the obtained resolution values for 1 and
60min integration time for the simulated tritium activities
(dots) while the lines are fitted functions of the expected sta-
0 20 40 60 80 100 120
]-1counts [min
0
0.5
1
1.5
2
2.5
3
3.5
4
310×
e
n
tri
es
Activity (Bq/L)
100
500
1000
2000
3000
4000
5000
6000
7000
8000
9000
10000
Figure 8: Histograms for the counting rate during a 1min
integration time for several tritium activities in water. Red
lines are Gaussian functions fitted to the different activity data
set
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Figure 9: Histograms for the counting rate during a 60min
integration time for several tritium activities in water. Red
lines are Gaussian functions fitted to the different activity data
set
tistical behaviour as function of the measured quantity:
푅푒푠표푙푢푡푖표푛 ∝ 1√
푋
(3)
As expected from a qualitative analysis of Figures 8-9 and
from eq. 3 it can be observed that the resolution for a 60min
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Figure 10: Resolution as a function of the activity for the two
considered integration time. The lines correspond to the fitted
function 푓 (푥) = 퐶(1∕
√
푋). Error bars are smaller than the
marker size
integration is much better when compared to the values ob-
tained for 1min integration time. For 60min integration
time, resolution values of 40.3% (40Bq/L) and 3.4% (340Bq/L)
are obtained for activities of 100Bq/L and 10 kBq/L, respec-
tively.
5. Details on the construction of a prototype
For the construction of the tritiummonitor here described
two major concerns must be considered: The radiation back-
ground (natural and cosmic) and thewater contaminants (other
radioactive particles than tritium, algae, sediments, etc..).
For the natural radioactivity background the use of a lead
shield is mandatory (passive shielding) while for the cos-
mic ray background an anti-coincidence veto based on plas-
tic scintillators (active shielding) must be used. The sec-
ond concern is the presence of radiative particles, contam-
inants and algae existing in the water, which may produce
fake events while progressively depositing on the fibers sur-
face and disabling the detector sensitivity to low energy beta
detection. To avoid these problems the detector must be op-
erated after a water cleaning system which must filter and
deionize the water to the required purity levels (conductiv-
ity < 10휇S/cm).
In parallel to this work 2 prototypes based on PMTs and
SiPMs, including a veto discriminator for cosmic background
rejection, have been produced, tested in laboratory and in
situ (at the discharge channel fromAlmaraz power plant dam)
where a passive shield and a cleaning water system is in-
stalled [9]. The prototypes have been constantly monitored
being the detection efficiency limited by the cosmic back-
ground. A decrease of 400x was observed when introducing
the prototypes in the passive shield and tests in the lab have
allowed to distinguish tritium activities spaced by 5 kBq/L
by just using the passive shield and a single "cell". These re-
sults will be soon published including the electronics design,
data acquisition and slow-control of the system.
6. Conclusions
As amain conclusion of this paper, as reported in section
3.2, a single fiber of 2mm diameter surrounded by a 5휇m
water layer presents an interaction efficiency of 5%. About
a 65% of the events with enough energy in the detector to be
recorded, trigger a coincidence in both PMTs (Figure 6) re-
sulting in a system detection efficiency slightly above of 3%
for a single fiber. Due to the low interaction efficiency the
sensitivity of the detector for low tritium activities must be
increase by increasing the detection area, i.e., the number of
fibers. The results presented in this work shows the possibil-
ity to build an in-water quasi-real-time (60min time integra-
tion) tritium monitor with sensitivity of 100Bq/L (40Bq/L
resolution) by using 5 cells containing around 350 fibers of
2mm diameter and 18 cm length. The modular approach
of the system allows to increase the sensitivity by including
more "cells" in the setup.
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